Three-dimensional model of bimetallic bush was established including the drive roller and the core roller. The model adopted the appropriate interface assumptions. Based on the bonding properties of bimetallic bush the hot rolling process was analyzed. The optimum reduction ratio of 28% is obtained by using the finite element simulation software MARC on the assumption of the bonding conditions. The stress-strain distribution of three dimensions was research assumptions to interface deformation of rolling. At the same time, based on the numerical simulation, the minimum reduction ratio 20% is obtained by using a double metal composite bush rolling new technology from the experiment research. The simulation error is not more than 8%.
Introduction
The axile bush is one of the important parts in mechanical manufacturing. Although it is not the key parts in the mechanical equipment, it occupies a large proportion in the cost of processing equipment because of special shape, processing surface, and the high metal removal rate [1] . According to preliminary estimates, it accounted for about 0.5% of the weight of the device but 2% of processing costs. Bimetallic bush is a widely applied sliding bearing with oily selflubrication characteristic nowadays [2] . It has good abrasion resistance, good condition of the less oil or intermittent oil, large load-carrying ability, long service life, and low cost. It has being replaced the traditional sleeve. For a long time, the preparation method, materials allocation and improved wear characteristics are the main research aspects for axile bush [3] [4] [5] [6] . The composite methods of mechanics and metallurgy are important researches for the double metal composite.
The copper alloy powder is a kind of method for preparation of bimetallic bush that is sintered upon the low carbon steel plate [7] and then is rolled up. It can be used as friction reducing and wear resistant bimetallic bush. One kind of liquid metal was poured into the rotational mould and solidified for a period of time at the inner surface. Another liquid metal was poured into its inner surface and then covered the pieces of glass in the two outer layers as protection to make it evenly distributed on the inner surface under the action of centrifugal force [8] . This technique was a method of using centrifugal forming composite pipe, which can prevent the bad bonding from occurring due to the inner cooling too fast.
The molten metal was poured directly into the base material and then made the composite material by cooling, solidifying, and rolling it by the cooler roller. It was called liquid-solid rolling bonding [9, 10] . It did not need a large amount of plastic deformation, high production efficiency, or high bonding strength, but the poor mechanical properties of products by using this technology.
Powder sintered composite method [11] was sintered two types of powder together through the pressure processing. Liquid forging [12] was the process in which the liquid metal was injected into certain metal die cavity. Then the molten or semimolten metal was solidified under the mechanical static pressure. And plastic deformation was needed in order to obtain parts in this processing. There were two processes together: the solidification under high pressure and shrink density by plastic deformation. Another composite method was the lost foam casting [13] ; it was to use ordinary steel pipe as the outer pipe, then put the lost foam (made of polystyrene foam) in it, and install the gating system. A shell was formed out of the outer pipe after several dip coating and sand finishing treatments, and then they were put in the high temperature roasting furnace for calcinations. At the same time shell sintering, foam gasification, and steel pipe preheating have been finished. The antiwear alloy material 2 Advances in Materials Science and Engineering is made after tapping furnace; that is, the wear-resisting bimetallic pipe is made of the common steel outside and antiwear alloy material inside.
To sum up, processing mould structure is not reasonable and easy to cause the product defects in most of the existing processing technology. The paper directly uses the pipe to make bimetallic bush of hot rolling composite method. The inner layer is a stainless steel tube and the outer layer is a carbon tube. Through the plastic deformation of double metal, the outer layer of carbon steel tube connects with the inner tube of stainless steel as a whole [14] . In this paper, finite element and experimental analysis of bimetallic bush hot rolling composite that needed minimum relative reduction ratio were obtained for hot rolling composite process.
The Bonding Criterion of Double Metal Rolling Composite
In the composite process as the inside and outside two kinds of metal deformation characteristics are different and they are mutually bonded under restraint [15] . At the same time as the friction resistance among the inner layer, the outer layer pipe, and the roller, the flow speed which makes the flow velocity of metal materials on the center contact section is greater than noncontact zone on both sides of the metal. But because of the internal and external layer of metal are a whole, slow moving metal tries to make the fast flowing metal slow down [16] , and fast moving metal tries to make the slow flowing metal speed up. This will produce stress self-balanced mutual restraint, that is, the additional stress. The final result makes two-component deformation tend to be consistent. The important factors of the bonding are the rolling temperature, the strain of two kinds of metal, and the additional stress variables on the bonding interface. But the interface stress is difficult to determine. The flow stress [17, 18] is introduced in the research of metal laminated composite superplastic deformation behavior and reference of the experience formula to determine the value. In this paper rolling temperature and two kinds of metal were known in the rolling deformation to determine the stress on the interface surface, assumed to eliminate material micro shrinkage, through calculating the ratio of the maximum additional stress and deformation resistance at the interface between the two layers of metal and then judging the adhesion of double-layer metal pipe by hot rolling composite [19, 20] ; that is, 
where Max is the maximum vertical stress on the interface, 0 is the resistance of deformation, is the radius of roller (mm), is reduction in pass (%), and 0 is the thickness of steel pipe before rolling (mm).
The ratio of the maximum additional stress and deformation resistance on adhesive surface can be calculated through (1) . There are adhesives in the adhesive interface when the ratio is greater than 1. According to the metal tensile yield 
Finite Element Analysis to Hot Ring Rolling Composite of Bimetallic Bush
In this paper the material for the two kinds of material of carbon steel Q235 and stainless steel 1Cr18Ni9Ti with outer diameter 120 mm steel pipes is modeled by using the finite element software MARC as shown in Figure 1 . The steel pipe layer thickness is 4 mm and the inner steel tube thickness is 1 mm. The friction coefficient is related to the diameter of the roller, surface of roller and the shaft sleeve, the possible relative motion between the double-layer metal, the size of work piece, and other factors. The type of contact friction is coulomb friction between the roller and bimetallic bush, and the friction coefficient is 0.15. The friction coefficient between the two deformation tubes is 0.1 [21] . The material characteristic parameters of the steel of Q235 (A3) and the austenitic stainless steel of 1Cr18Ni9Ti at 1150 ∘ C are shown in Table 1 . The rolling feeding speed is 3 mm/s and the drive roller speed is 3.14-5.23 rad/s. The drive roller has rotary and linear movement while the core roller has rotational movement only. The device of duo mill is asymmetrical in the structure so the analysis of bimetallic bush looks as a whole when modeling. The hexahedral mesh was selected and adaptive meshing, respectively, through the CONVERT command on the two layers of inner and outer. Because the thickness of outer layer of Q235 was larger than that of inner stainless steel, the cubic outer unit was larger than inner unit. The total calculation step is 300. Rolling steady state process model is shown in Figure 2 . The model adopts the following treatment: in the process of establishing three-dimensional model, there are two different element types and contact hypothesis between the outer layer and inner metal because its relative distance is a minimum. There is the same distribution element along the rolling direction on the two contact surfaces; that is, the stress and strain on the node of contact surface are coordination in the deformation process. The method is good for finite element calculation procedures. The stress and strain value of nodes on the interface is desirable. The results of analysis are calculated from the reduction ratio 40% decreasing in turn 5% until a critical value. The minimum time step length and step loading method are adopted. This makes the displacement of workpiece each step move very little. The drive roller is moved to vertical displacement on the beginning. If there is enough rolling reduction, workpiece is driven entirely by roller rotating friction to the rolling end. In the loading process the displacement of each substep is moving small. It can get the corresponding numerical of the steady state rolling process for the bonding judgment.
Postprocessing of FEM Results
The deformation resistances of outer metal Q235 are smaller than the inner layer metal 1Cr18Ni9Ti. Therefore the outer layer metal is the first yield. The key research of hot rolling process is to get the minimum rolling reduction ratio under the good bonding.
Strain Distribution.
The vertical strain and equivalent strain distribution are shown in Figure 3 . It can be seen that the deformation degree of workpiece in the reduction amount is 40%. From the strain diagram, it can be seen that the strain is gradually increasing from the inner to the outer surface. The deformation resistance of Q235 steel is relatively small, so the elongation of Q235 steel is bigger than the stainless steel on the rolling area at the same rolling reduction. When the reduction ratio is decreased, at the same time, the vertical strain and the equivalent strain are decreased too. This trend is consistent with the actual situation.
The deformation is not uniform near the bonding surface between inner and outer layer. The deformation is uneven with the difference reduction because of the difference of yield limit and plastic hardening for different material (carbon steel and stainless steel). The stress state of two kinds of materials is different from the roll gap constraint. If the relative slide between the inner layer and the outer layer is not considered or when two materials have bonded together, it will generate an additional stress field because of the consistency of flow state between two layers. So the residual stress is produced in bimetallic bush after bonding. It is effect of shape control for axile bush.
Stress Distribution.
According to (1) , bonding of bimetallic bush can be judged according to the vertical compressive stress between two layers. From the contact stress of two-layer metal the deformation of bimetallic bush concentrates on mainly in the range of the contact surface of roller and sleeve. The maximum deformation lies in the outer sleeve and the minimum deformation in the center of thickness direction. The distribution of stress and variation of the sleeve's surface can be obtained: the compressive stress is almost symmetrical distribution and the maximum stress stays on the rolling beginning of contact surface.
The vertical stress curves are drawn from selected node on rolling area through the CONVERT command of MARC. Stainless steel 1Cr18Ni9Ti stress distribution in Figure 4 and the reduction ratio is 40%, 35%, 30%, and 25% of the stress distribution curve as shown in Figure 5 .
Take nodes on the edge as follows: 1460, 1520, 1580, 1640, 1700, 1760, and 1820.
The vertical direction of the corresponding compressive stress and its unit is MPa. The average value is 
Therefore, the vertical compressive stress of stainless steel 1Cr18Ni9Ti on contact surface has been greater than its deformation resistance at 1150 ∘ C. So according to the above criterion it can be concluded that metal pipe has already bonding.
As above, the vertical stress average values of 148.94 MPa, 94.79 MPa, and 46.51 MPa were calculated, when the reduction ratio is 35%, 30%, and 25%. We found that 46.51 Mpa < 67 MPa on the reduction ratio is 25%. Because the deformation resistance of stainless steel is 67 MPa, there is no bonding on reduction ratio of 25%.
The deformation resistance of the stainless steel is 67 MPa between 94.79 MPa and 46.51 MPa. So the suitable reduction ratio should be in 25%∼30%. For more detail, the reduction ratio of 28% is analyzed. The vertical compressive stress distribution at reduction ratio of 28% is shown in Figure 6 .
The compressive stress on vertical direction at 28% reduction ratio is calculated as follows: At this time, the pressure stress at the vertical direction of stainless steel composite pipe on the interface is just greater than the resistance of stainless steel deformation. Q235 steel pipe and the 1Cr18Ni9Ti stainless steel pipe are good bonding just now.
Therefore, when the minimum reduction ratio is 28%, double metal (1Cr18Ni9Ti/Q235) is bonding in hot rolling. If it decreases, it will no longer be bonding. 
Experimental Study
We are prepared to do the experiment in order to study the bonding characteristics of the metal axile bush. The sample is the outer diameter 120 mm with thickness of 4 mm steel Q235 as outer layer and the stainless steel of 1 mm thickness as inner layer. The experimental steps are as follows: (1) carbon steel tube and stainless steel tube are assembled after cleaning the surface; (2) two-layer tube is to reach the preliminary mechanical binding after expanding, bulging, and eliminating interlayer gap; (3) double metal tube is installed in the roller and then blooming, which makes the storage discharge the gas between the interlayers, and then the inner layer stainless steel tube is flanged edge; (4) double metal tube is heated at 1150 ∘ C, and after one hour the temperature reached the experimental values as shown in Figure 7 ; (5) bimetallic bush is rolled at the speed of 4 rad/s, the first turn under reduction of 1.2 mm and 1.5 mm; (6) uninstall the bimetallic bush and then peel test in order to verify the bonding.
Based on the finite element calculation results, experiments are carried out on the reduction ratios of 1.5 mm, 1.2 mm, 1.0 mm, and 0.7 mm. Double metal layers can be bound on the first three reduction conditions, but there are separate layers on the reduction ratio of 0.75 mm. At this time the two layers of metal are still in the mechanical bonding state because the delamination between two layers of metal is obvious. It has yet been to achieve metallurgical bonding. To set reduction by manually tightening pressure bolt before rolling, so the bimetallic bush is not uneven load pressure on radial. It is rotation and movement on the roller. It leads to the mutual abrasion between the edge of bimetallic bush and the roller. Bush appeared as edge burr as shown in Figure 8 . After many experiments at the rolling reduction of 1.0 mm at speed of 4 rad/s, good results are shown in Figure 9 by experiment. The minimum reduction ratio at the experiment is 20%.
Discussion
Depression ratio is adjusted by the housing adjustment screw to observe the effect of rolling in the rolling experiments of bimetallic bush because of the test limits. Experimental data and simulation results have somewhat error. On the one hand it is due to the characteristics of two-metal-layer rolling with the inhomogeneity of deformation which is not at the same time. So pull-down phenomenon and the complex stress state occurred.
On the other hand, it is due to the fact that there is different friction between the friction of roller and bimetal and the friction of general mechanics. In the deformation process of double metal rolling, the shape and size change along the rolling. The new contact surface generated between roller and metal. The friction process becomes complicated and the friction coefficient is changed.
In addition, there are often iron oxide in the primary and regeneration on the surface of bimetal in the heating rolling. Thus iron oxide has a great influence on the friction. It plays a certain degree of lubrication under the high temperature. This situation is not considered in the finite element analysis. The same friction coefficient is used in the simulation. The friction load can be simplified which is the main reason for error between the finite element analysis and the experimental results. At the same time it assumed as rigid body roller in the finite element analysis. But from the main analysis of the bimetal it can produce large deformation. There is a certain elastic deformation of rolls although there are deformations of upper and lower roll though it is very small in the actual production. And these factors led to a reduction in a small error.
Conclusions
(1) Ensure the minimum reduction ratio of 28% is obtained by using the finite element simulation software MARC on the assumption of the bonding conditions.
(2) Based on the numerical simulation, the minimum experimental reduction ratio 20% is obtained by using a double metal composite bush rolling new technology by tightening the pressure bolt. The simulation error is not more than 8%.
